Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease in which there is a progressive loss of motor neurons and their connections to muscle leading to paralysis. To maintain muscle connections in a rat model of familial ALS, we performed intramuscular transplantation with human mesenchymal stem cells (hMSC) as "Trojan horses" to deliver growth factors to the terminals of motor neurons as well as the skeletal muscles. hMSC engineered to secrete glial cell line derived neurotrophic factor (hMSC-GDNF) were transplanted bilaterally into three muscle groups. The cells survived within the muscle, released GDNF, and significantly increased the number of neuromuscular connections and motor neuron cell bodies in the spinal cord at mid stages of the disease. Furthermore, intramuscular transplantation with hMSC-GDNF could ameliorate motor neuron loss within the spinal cord which connected to the limb muscles with transplants. While disease onset was similar in all animals, hMSC-GDNF significantly delayed disease progression, increasing overall lifespan by up to 28 days, which is one of the longest effects on survival noted for this rat model of familial ALS. This pre-clinical data provides a novel and practical approach towards ex vivo gene therapy for ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by motor dysfunction that leads to eventual paralysis [1, 2] . The majority of ALS cases are of a sporadic nature, while ∼10% maintain a familial component. The cause of sporadic ALS remains unclear. However, a clear genetic link to point mutations in the cytosolic Cu 2+ /Zn 2+ superoxide dismutase 1 (SOD1) has been shown in a small group of familial ALS (FALS) patients [3, 4] . Both mouse [5] and rat [6] models that over-express the G93A, G82R, or G37R mutations have been developed and show a similar disease phenotype and progression to that seen in both the familial and sporadic form of human cases. Degeneration of motor neurons is clearly a complex process and probably involves multiple pathways including formation of protein aggregates, axonal transport defects, oxidative damage, mitochondrial defects, alterations in calcium homeostasis, and finally cell death [7, 8] . Interestingly, there is mounting evidence that axonal atrophy and withdrawal from the muscle may occur early in the disease process [9] .
Glial cell line derived neurotrophic factor (GDNF) has been shown to protect motor neurons in a number of different models [10] [11] [12] [13] , is present at high levels in embryonic limb and muscle at the time of innervation and necessary for normal neuromuscular development [13, 14] . GDNF also increases neural sprouting and prevents cell death [14] [15] [16] . Healthy motor neurons express GDNF receptor alpha (GFRα) and c-Ret, the heterodimer receptor system of GDNF, and can bind, internalize, and transport the protein in both antero-and retrograde directions in a receptor-dependent manner [17] [18] [19] . In transgenic mice over-expressing GDNF in muscle, a hyperinnervation of muscle by motorneurons has been reported [20] . However, delivery of GDNF to either motor neurons in the spinal cord or muscle end plates in adult animals is difficult due to the poor penetrance of this factor from the blood to body tissues. Recent studies have used gene therapy approaches to deliver GDNF and other growth factors directly to the muscle in a mouse model of familial ALS with encouraging results [11, 21] . However, there may be difficultly in translating these studies to larger species such as the rat and monkey. Following disease progression in ALS, loss of motor neurons leads to muscle atrophy, leading eventually to respiratory failure and death. In an attempt to prevent muscle atrophy and death of spinal motor neurons, an ex vivo gene therapy targeting skeletal muscles may be effective. This idea has successfully been proven by one previous report which showed that GDNF delivery to muscle using genetically modified myoblasts can produce protective effects on motor neurons in the spinal cord [11] . However, for clinical trials, it may be difficult to amplify cell number by passaging and obtain sufficient cells for biological significance after injection back into the muscle [22] .
Human mesenchymal stem cells (hMSC) are found in bone marrow as well as in other mesenchymal tissues, are easy to harvest and can be expanded ex vivo to clinically relevant numbers while retaining their normal karyotype and differentiation capacity [23] [24] [25] . They appear to have a significant effect on disease progression in a number of animal models of human disease including heart damage, stroke, and Parkinson's disease, while the mechanism of this protective effect remains elucidate, they may include growth factor release or increased angiogenesis [26] . In the present study we show that combining the specific administration of GDNF with the therapeutic effects of hMSC transplants leads to significant improvement of both motor neuron survival and function in a well established rat model of familial ALS. As such it represents a unique, targeted, and practical therapeutic approach for this devastating disease.
Results
hMSC GFP -GDNF survived and released GDNF in the skeletal muscle of SOD1 G93A rats hMSC were isolated from neonatal bone marrow aspirates from healthy donors after informed consent and confirmed by immunophenotyping and multilineage differentiation [27] [28] [29] . This line was then genetically modified to express green fluorescent protein (GFP) using retrovirus (hMSC GFP ) [27] . hMSC GFP were infected with a lentiviral construct encoding GDNF under the control of phosphoglycerol kinase (pgk) promoter (Fig. 1a) . GDNF protein was detected by ELISA in the conditioned medium and shown to be released at a rate of 480 pg/24 hours/ million cells (Fig. 1b) . Non-infected hMSC GFP did not release detectable amounts of GDNF. Immunocytochemical analysis using hMSC GFP -GDNF titer showed that approximately 98% and 95 % of total cells expressed GFP and GDNF protein, respectively (Fig. 1c) .
We next asked whether hMSC GFP -GDNF could be transplanted into the skeletal muscle of pre-symptomatic ALS rats (SOD1 G93A rats). However, following direct implantation to intact muscle, there was very poor survival and integration of the cells (data not shown). It has previously been demonstrated that hMSC could integrate into the skeletal muscle of nude mice but required focal muscle injury using cardiotoxin prior to transplantation for survival [30] . The injury appears to have created a better environment for cell survival and integration, perhaps through the release of cytokines and other growth factors. In the present study we used intramuscular injection of local anesthetics, bupivacaine hydrochloride (BVC) to induce focal injury prior to transplantation [31, 32] . Female SOD1 G93A rats (80 days, pre-symptomatic) were immunosuppressed with cyclosporine and then BVC was bilaterally injected into the tibialis anterior (TA) muscle (Supplementary Fig. S1 ). Twenty-four hours, one week and two weeks later hMSC GFP -GDNF (120,000 cells in 30 μl) were injected into the same muscle. All animals were and left until end point defined as the inability to right themselves after 30 seconds.
We first checked whether hMSC could survive transplantation in the muscle of SOD1 G93A rats with prior toxin lesions. Even at disease end point, many grafted cells could be detected within the muscle using immunostaining with anti-GFP antibody (Fig. 2a, b ) and GFP expression (Fig. 2c ). There were no adverse effects in any of the animals and no sign of tumor formation. Immunostaining for laminin antibody to identify the basal lamina (Fig. 2d) revealed that GFPpositive hMSC resided both within and between the laminin-positive basal lamina and muscle fibers (designated by arrows and arrow head in Fig. 2d ). The GFP signal did not extend to the sarcolemma of the adjacent myofibers, indicating that the cells had not fused with rat muscle fibers. Double staining with the human specific marker (hNUC) and GFP also showed surviving hMSC in the muscles (Fig. 2e) . Additionally, our preliminary data showed that hMSC could also survive in the muscles after only a single transplantation after 24 hours of BVC injection. However, the number of surviving cells was increased with more injections (data not shown). We also performed RT-PCR on muscle tissues with primers specific for human or rat cDNA. At 2 days and 8 weeks post-transplantation, we detected human β-actin in the TA muscles injected with hMSC GFP -GDNF (Fig. 2f ), while these mRNAs were not detected in the TA muscle without cells. Furthermore, the expression of human myosin heavy chain IIx/ d (MyHC-IIx/d) gene was also detected and increased in the transplanted muscles, suggesting that some of the MSC transplanted in the muscles may acquire the skeletal muscle phenotype. To establish whether GDNF was being released by the hMSC, TA muscles from transplanted or control animals were dissected and then processed for immunohistochemistry using GFP and GDNF antibody (Fig. 2g ). Significant amounts of GDNF could be detected in the areas with hMSC GFP cells, particularly between the basal lamina and muscle fibers (Fig. 2g) . We also confirmed visual expression of GDNF with protein expression using ELISA which showed that hMSC GFP -GDNF released significant amounts of this growth factor into the skeletal muscle (Fig. 2h) . Together this data show that adult human mesenchymal cells can survive well within rat muscle tissues and release GDNF providing a minor toxic lesion is present.
hMSC GFP -GDNF transplants ameliorate denervation of neuromuscular junctions in hSOD G93A rats
We next analyzed neuromuscular junctions (NMJs) within the region of the transplant in order to establish whether the GDNF had any effect on endplate innervation. For these studies, another cohort of 80 day old female SOD1 G93A rats (n=13) were unilaterally injected with BVC in their TA muscle and after 24 hours, 1 week and 2 weeks transplanted with hMSC GFP -GDNF (n=5), hMSC GFP (n=4), or just received vehicle infusions (control; n=4). The level of innervation in the transplanted muscles was estimated by using double staining for axons and motor endplates based on the degree of acetylcholine receptor (AChR) post synaptic clusters (Fig. 3a-c) . We have previously shown that while over 80% of endplates were innervated in the pre-symptomatic SOD1 G93A rats up to 80 days old, this number gradually decreased to the point where all endplates were denervated by end-stage [33] . In the current study, approximately 75% of endplates were denervated in the muscle of non-transplanted control SOD1 G93A rats at 122 days old (Fig. 3e, f) . The number of denervated endplates tended to be reduced in hMSC GFP transplanted rats, although this difference did not reach statistical difference (Fig. 3e, f) . However, there was a significant decrease in endplate denervation within hMSC GFP -GDNF group when compared with the non grafted control ( Fig. 3e , f; P<0.05).
The localization AChR clusters at the endplate requires the expression of agrin, a large proteoglycan in the synaptic cleft that plays an important role in the maintenance of the molecular architecture of the post synaptic membrane [34] . A previous report showed that agrin expression was significantly reduced in the skeletal muscle of symptomatic SOD G93A mice [35] . The number of agrin-positive endplates was reduced in non-transplanted SOD1 G93A rats (23.1 ± 4.8% per total endplates) compared to hMSC GFP -WT (46.6 ± 15.8%) or GDNF (55.6 ± 18.3%) animals ( Fig. 3d) , further underscoring a role of hMSC GFP -GDNF in the maintenance of muscle innervation.
GDNF released by hMSC can maintain large cholinergic motor neurons in the ventral horn
In order to establish whether hMSC GFP -GDNF could ameliorate motor neuron loss, we next counted Nissl stained or choline acetyltransferase (ChAT) positive cells within the specific lumbar spinal cord region (L2-4) that projected the transplanted hind limb muscles. We previously confirmed that the TA muscle transplanted hMSC received projections from the spinal cord region analyzed [33] . While there was a significant loss of ChAT positive motor neurons in non transplanted SOD1 G93A rats (Fig. 4a , c, e), this was prevented by transplants of either hMSC GFP or hMSC GFP -GDNF (Fig. 4g) . However, the rate of protection was larger for the hMSC GFP -GDNF group (P<0.01 vs. control) when compared to the hMSC GFP (P<0.05 vs. control). Interestingly, the hMSC GFP -GDNF cells appeared to specifically protect the larger motor neuron pool, or increased the size of smaller surviving motor neurons based on detailed cell counting combined with size measurements (Fig. 4h) .
hMSC GFP -GDNF transplants do not affect host glial cell activation
Activation of host glial cells is one hallmark of ALS, and increases with disease progression in the SOD1 G93A rats which may be either protective or contribute to motor neuron death. Significant astrogliosis was detected in the ventral horn of the lumbar spinal cord in nontransplanted SOD1 G93A rats ( Supplementary Fig. S2 ). The numbers of host GFAP reactive astrocytes tended to be reduced in both hMSC GFP and hMSC GFP -GDNF transplanted rats at 6 weeks post transplantation, although that difference did not reach statistical significance. This suggested that the protective effects of hMSC GFP -GDNF were not mediated entirely through modulation of host reactive astrogliosis. We also determined the levels of microglial activation by using immunostaining for microglial marker OX-42 (CD11b). As seen for GFAP staining, there was no obvious difference in the level of microglial activation in the lumbar spinal cord regions which connected to the transplanted hind limb muscles, although the size and branching of many microglia were smaller in the transplanted animals ( Supplementary Fig. S2) hMSC GFP -GDNF transplants increased the survival of SOD1 G93A rats
We next wanted to establish whether intramuscular hMSC GFP -GDNF transplantation could prolong survival period in SOD1 G93A rats. First, we showed that partial muscle injury with BVC at 80 days old did not change disease onset and progression compared with non-treated (i.e. non partial injury using BVC) control SOD1 G93A rats (data not shown). The efficacy of intramuscular transplantation was then tested using GDNF secreting hMSC in a new cohort of SOD1 G93A rats. For these studies, we used two different cohorts of rats and the variation with regard to disease onset and progression in our SOD1 G93A rats was observed as previously described [36] In a third cohort of SOD1 G93A rats with early disease progression (n=9), hMSC GFP -GDNF were bilaterally transplanted into the TA, forelimb triceps brachii, the long muscles of the dorsal trunk muscles (Supplementary Fig. S1 ). The survival period in the hMSC GFP -GDNF transplanted rats was significantly prolonged by 18 days (P<0.05; Fig. 5a , b) compared to the control SOD1 G93A littermates (n=9).
We next asked whether this effect was reproducible in another colony of our SOD G93A rats with slow disease progression [36] and further dissociate the effects of GDNF release from the effects of the cells themselves. A cohort of female SOD G93A rats in a colony showing slow disease progression were transplanted at 80 days with either hMSC GFP (n=13), hMSC GFP -GDNF (n=14) or BVC-lesioned control (n=14). There was no difference in disease onset in either hMSC GFP or hMSC GFP -GDNF group when compared to control animals (Fig. 5c) . However, hMSC GFP -GDNF transplantation significantly prolonged survival in the hSOD1 G93A through slowing disease progression compared with lesioned control animals (P<0.05). Although hMSC GFP transplanted animals showed a delay in progression when compared to control animals, this did not reach statistical significance (P=0.08; Fig. 5d, e) . The survival period in the hMSC GFP -GDNF transplanted rats was significantly prolonged by approximately 28 days compared to the control SOD1 G93A littermates (Fig. 5e ). This is one of the longest effects on survival noted for this rat model of FALS. We also tested limb function using the Basso-Beatti-Bresnahan (BBB) locomotor rating test. Motor dysfunction progressed significantly slower in both hMSC GFP and hMSC GFP -GDNF transplanted rats when compared to the control rats (P<0.05; Fig. 5f ).
Discussion
In the present study we used hMSC as long-term 'mini pumps' to deliver GDNF directly into the skeletal muscle of the SOD1 G93A rats. The major advantage of using this ex vivo gene therapy approach (cellular delivery of growth factor), rather than direct in vivo gene therapy (force host cells to express growth factor through direct viral injection) is that the new cells provide the growth factor rather than host muscle cells that are undergoing degeneration due to the disease process [37, 38] . Furthermore, it is clear that hMSC have other poorly characterized effects on the local environment through either release of growth factors, reduction in acute inflammation or enhancement of angiogenesis [26] . Recent preclinical and clinical studies demonstrated a number of potential therapeutic applications of hMSC targeting for various diseases such as myocardial infarction, stroke, and graft-versus-host disease [26] . It was of great interest to us that the hMSC on their own had a strong trend towards increasing motor neuron number and improving functional performance. However, only when combined with GDNF did this reach significance.
Satellite cells and myoblasts represent the natural first choice in ex vivo therapeutics for skeletal muscle because of their intrinsic myogenic commitment, and have previously been used to deliver GDNF to the muscle in a mouse model of familial ALS with some success [11, 39] . However, for clinical trials, primary myoblasts are recovered in low number from biopsies, poorly expandable in vitro, and rapidly undergo senescence [22] . In contrast to human myoblasts, hMSC derived from the bone marrow can be easily expanded to clinically relevant numbers and differentiate, either in vivo or in vitro, into bone, stroma, cartilage, ligament/ tendon, fat, and muscle [23] [24] [25] 30 ]. In the current study there was very poor survival of hMSC following direct injection hMSC into intact muscle. However, after mild injury the cells survived well and integrated suggesting that local injury induced cytokine release or other factors are required to encourage cell survival, as suggested in previous studies [30, [40] [41] [42] . We showed that partial injury did not change disease onset and progression in SOD G93A rats, perhaps due to the fact that muscle repairs very rapidly. While BVC was used to induce muscular injury in these experiments, other types of milder muscular injury models such as toxic and mechanical methods (such as extreme exercise) or freezing may be sufficient as an alternative method to increase hMSC grafting in the skeletal muscles. This would clearly be more clinically relevant and is the focus of ongoing studies.
The underlying mechanisms of protective effects on neuromuscular connections and motor neuron survival remain to be determined. A recent observation, which used promoter specific expression of GDNF in either the muscle or spinal cord of the SOD1 G93A mice, showed that muscle expression of GDNF was able to slow disease progression and onset, but the that expression of GDNF in the spinal cord had no effect [43] . Interestingly, GDNF is known to work as a synaptotrophic modulator for both pre-and postsynaptic differentiation to strengthen the functional and structural connections between nerve and muscle, and contribute to the maintenance and plasticity of neuromuscular synapses. In transgenic mice overexpressing GDNF, there is an increase in both axonal branching of motor neurons [14, 20] and the size, amplitudes and frequency of spontaneous synaptic currents [13] . Recent data also indicated that Ret tyrosine kinase receptor, which mediates the transmembrane signaling by GDNF, is localized specifically to the presynaptic membrane of both embryonic and adult neuromuscular synapse [44] , suggesting that GDNF released from the muscle and/or terminal Schwann cells can promote both presynaptic maturation. This study using mouse primary cultured muscle cells showed that GDNF promotes the insertion and stabilization of postsynaptic AChR [45] . Interestingly, in the current study the level of agrin expression, which is necessary for the localization of AChR clusters at the endplate and the maintenance of the postsynaptic membrane in the synaptic cleft, was maintained in the hMSC GFP -GDNF transplanted muscle (Fig. 3d) . Furthermore, it is also possible that indirect action either through distal activation of endogenous other unknown factors, or through synergistic effect with other trophic factors secreted by naïve hMSC such as IGF-I and VEGF, as hMSC GFP secret detectable level of IGF-I and VEGF in the conditioned medium (Suzuki and Svendsen, unpublished observation; Supplementary Fig. S3 ).
Transplantation of different types of stem cells into the spinal cord of rodent models of ALS have previously been shown to result in some motor neuron protection and functional improvement (reviewed in [38, 46] ). Our own studies have also shown that transplantation of hNPC releasing GDNF directly into the lumbar spinal cord results in robust cellular migration into degenerating regions, efficient delivery of GDNF and remarkable preservation of host motor neurons [33, 47] . Surprisingly, however, this robust motor neuron survival was not accompanied by continued innervation of muscle end plates and thus resulted in no improvement in ipsilateral hind limb use [33] . Interestingly, increased survival of motor neurons but loss of functional connection to the muscle has been shown in several other models such as mice deficient in the proapoptotic protein Bax [48] and mutant mice displaying motor neuron degeneration (progressive motor neuropathy; pnm) [49] . Previous studies, using transgenic mice and viral vectors over expressing neuroprotective growth factors, showed that the level of growth factor-mediated rescue of motor neurons correlated with the level of decreased astrogliosis and microglial activation at different stages of disease [43, 50] . However, in the present study, hMSC GFP -GDNF transplants to the muscle did not reduce glial activation in the spinal cord. Our previous results transplanting human cortical neural progenitor cells releasing GDNF into he spinal cord of this rat model of ALS also had no effect host glial activation, but could protect motor neurons [33] . Therefore, we suggest that while reduction of glial activation may be associated with motor neuron survival in some cases, it is not a required event.
As muscle is an accessible tissue, the present study points to a very straightforward approach to treating ALS with a cell type and growth factor that have both been used in human clinical trials. At present we have only targeted three muscle groups, but it is possible that further injections of cells may enhance this effect on survival even further. In particular, targeting muscles of the diaphragm might be of great importance for protecting respiratory motor neurons. Furthermore, it might be that combining stem cell and growth factor delivery targeting to both the skeletal muscles (i.e. nerve terminals of motor neurons) and spinal cord (i.e. cell body) would provide the optimum combination for trying to slow the progression of this devastating disease [38] .
Materials and Methods

Animals
Sprague Dawley SOD1 G93A rats, which had been originally generated by Howland et al. [6] , were obtained from Taconic (Hudson, NY), and colonies were developed by crossing male founders with wild-type female rats. Heterozygous SOD1 G93A progeny were identified with genomic PCR of tail DNA with primers specific for hSOD1. We used two different cohorts of rats and the variation with regard to disease onset and progression in our SOD1 G93A rats was observed as previously described [36] . They were maintained in a room with controlled illumination (lights on 0600-1800 h) and temperature (23 ± 1 °C), and given free access to laboratory chow and tap water. Rats were considered end-stage (endpoint) when they no longer exhibited reflexes allowing them to right themselves within 30 seconds. All the procedures in the present study were carried out in accordance with the guidelines for University of Wisconsin-Madison and NIH standards of animal care.
Preparation of human mesenchymal cells expressing GDNF
Human mesenchymal cells were established using methods previously described [27] [28] [29] . These cells were derived from neonatal bone marrow aspirates from healthy donors after informed consent. Blood tissue collection for research purposes was approved by the Research Ethics Committees of Hammersmith Hospital and Queen Charlotte's Hospital. Single-cell suspensions of neonatal bone marrow were prepared by collecting the bone marrow cells in the humeri and femurs using a syringe and 22-gauge needle. Unselected nucleated cells were plated in 100-mm dishes at a density of 10 5 /ml and cultured in culture medium into culture medium [Dulbecco modified Eagle medium (DMEM; Sigma-Aldrich, St. Louis, MO) supplemented with 20% fetal bovine serum (FBS; Hyclone, Logan, UT), 2 mM L-glutamine, 50 U/ml penicillin, and 50 mg/ml streptomycin (Invitrogen, Carlsbad, CA)]. After three days, non-adherent cells were removed and the medium was replaced. When colony size exceeded >500 cells, single colonies were trypsinized and collected using clonal cylinders. The mesenchymal nature of adherent nucleated cells was confirmed by immunophenotyping and multilineage differentiation [27] [28] [29] . In the current study, we used a hMSC line genetically modified to express green fluorescent protein (GFP) using retrovirus (N97-GFP; hMSC GFP ) [27] . This line was transduced with retroviral vector containing enhanced GFP using second passage hMSC.
To the preparation of hMSC expressing GDNF, we used our experience with neural progenitor cells. Our previous work has shown that both rat and human NPC can be efficiently infected with specific lentiviral constructs [33, 47] . We used a same viral construct for constitutive expression of GDNF under the control of the mouse phosphoglycerate kinase 1 (PGK) promoter [33] . hMSC GFP cultures were gently dissociated with 0.05% Trypsin-EDTA to single cell suspension, washed extensively, counted and diluted to 500 cells/μl in the culture medium, and plated for 24 hours in a 24 well plate. The cells were then incubated for 24 hrs in medium containing various virus titers (0-100 ng/p24/million cells). GDNF concentration in the conditioned medium was determined by ELISA kits (R&D Systems, Minneapolis, MN).
Intramuscular hMSC transplantation
According to our pilot experiments, we need to induce focal muscular injury before hMSC transplantation. Thus, we used intramuscular injection of local anesthetics, bupivacaine hydrochloride to induce focal injury. Similarly to cardiotoxin, bupivacaine has broadly been used to make a partial muscular lesion [31, 32] . SOD1 G93A female rats at 80 days of age were anesthetized and injected with a local anesthetic, bupivacaine hydrochloride (0.35 mg; Sensorcaine-MPF, AstraZeneca, Miami, FL), bilaterally into the tibialis anterior (TA), forelimb triceps brachii, the long muscles of the dorsal trunk muscles (Supplementary Fig. S1 ). A 30-gauge needle connected to a 1 ml syringe was used for injections. Twenty-four hours later, culture-expanded hMSC GFP (120,000 cells in 30 μl) were injected into the same muscles using a 33-gauge needle connected to a 100 μl Hamilton syringe. The injection of hMSC was repeated twice with a one-week interval. All animals were immunosuppressed with cyclosporine (10 mg/kg/day) and left until end point.
Immunohistochemistry
The animals were transcardially perfused with chilled 0.9% saline and 4% paraformaldehydephosphate buffered saline (PFA-PBS), and the spinal cords were collected. To analyze hMSC survival and neuromuscular junctions, tibalis anterior (TA) muscles of some animals were removed prior to fixation and flash-frozen in supercooled isopentane. Muscles were sectioned at 20 μm using a cryostat and placed on glass slides for staining. The sections were fixed with 4% PFA-PBS and labeled with human nuclei (hNUC, mouse monoclonal, 1: 100, Millipore, Billerica, MA), human GDNF (goat polyclonal, 1:250, R&D Systems Inc.), GFP (mouse monoclonal, 1: 100, Invitrogen), and laminin (rabbit polyclonal, 1: 500, Sigma-Aldrich). For motor neuron counting [33] , spinal cords were cryoprotected in 30% sucrose with 0.1% sodium azide, and the lumbar regions (L2-4) were cut in 50 μm sections using a cryostat. One in six sections were processed for Nissl staining or immunostained for human nuclei (hNUC, mouse monoclonal, 1: 100, Chemicon), human GDNF (goat polyclonal, 1:250, R&D Systems Inc.), choline acetyl transferase (ChAT, goat polyclonal, 1:100, Chemicon), glial fibrillary acidic protein (GFAP, rabbit polyclonal 1:2000, Dako, Glostrup, Denmark), and OX-42 (CD11b, 1:500, MorphoSys, Planegg, Germany). Primary antibodies were followed by secondary antibodies conjugated to Cy3 or Alexa Fluor 488 (anti-IgG, 1:1000, Jackson ImmunoResearch Laboratories, West Grove, PA) or biotinylated secondary antibody (1:200, Jackson ImmunoResearch Laboratories) followed by DAB with avidin-biotin method (Vectors Laboratories Inc. Burlingame, CA). Nickel ammonium sulfate enhancement was used for some sections labeled with GFP or GDNF (Fig. 2g) . All images were captured by using a fluorescence microscope (Nikon, Tokyo, Japan) with a digital camera (SPOT II) or a laser scanning confocal microscope (Nikon). To quantify astrocyte activation the number of GFAP positive cells on both sides of the spinal cord was counted using Metamorph Imaging software (Molecular devices, Downingtown, PA), presented as a percentage of the total number of counted cells. To quantify astrocyte and microglial activation the number of GFAP positive cells and the mean intensity of OX-42 fluorescence on both sides of the spinal cord was determined as described previously. [33] 
RT-PCR
Total RNA isolation and RT-PCR were performed using TRIzol reagent (Invitrogen) and GeneAmp RNA PCR kit (Roche Molecular Systems, Basel, Switzerland). For RT-PCR, the following primer pairs were used: human myosin heavy chain IIx/d (MyHC-IIx/d) [30] , human β-actin [30] , and rat GAPDH (R&D Systems Inc.). The amplification profile was 94 °C for 0.5 min, 58 °C for 1 min, and 72 °C for 1 min. All samples were incubated for 28 cycles.
Behavioral testing
Body weight measurements and all behavioral testing began at an age of 65 days and continued until endpoint. Rats were considered end-stage (endpoint) when they no longer exhibit reflexes allowing them to right themselves within 30 seconds. To analyze motor function in SOD1 G93A rats, the Basso-Beattie-Bresnahan (BBB) locomotor rating test and a beam walking test were performed twice a week. Open field locomotor scores was obtained in a small enclosure using the BBB locomotor rating scale as described previously [33, 36, 47] . Briefly, each rat was allowed to walk around in a wading pool with a textured floor while we observed hind and fore limb movements for approximately 3 to 5 minutes. Each hind limb score was based on the 21 point scoring scale from no movement (0) to normal locomotion (21) . Scoring takes into account paw rotation, toe clearance, weight support, the frequency of each, and the amount of movement occurring from each joint. Each score was then recorded and summed for each hind limb to determine that limb's score. The total score was obtained by adding both hind limb scores. Disease onset was estimated by using the BBB rating score of 17 or lower [36] .
Assessment of neural muscular junction (NMJs) innervation
Endplate innervation was analyzed as described previously [33] . Tibalis anterior muscles were dissected and flash-frozen in supercooled isopentane. Muscles were sectioned at 20 μm using a cryostat and placed on glass slides for staining. The sections were fixed with 4% PFA-PBS and labeled with alpha-bungarotoxin conjugated with fluorescence marker Alexa Fluor 594 (1:1000, Invitrogen), anti-neurofilament 160 (mouse monoclonal, 1:40, Sigma-Aldrich) and anti-synaptophysin (rabbit polyclonal, 1:40, Dako) antibodies for 1 hour at room temperature. For agrin staining, the sections were double-labeled with Alexa Fluor 594-conjugated bungarotoxin and anti-rat agrin antibody (mouse monoclonal, 1:500, StressGen). After washing with PBS, the sections were incubated with both anti-mouse and rabbit Alexa Fluor 488-conjugated secondary antibodies (1:1,000, Jackson Laboratories) for 1 hour at room temperature. Following washing, the sections were covered with cover glasses using aqueous mounting medium (Immuotech, Marseilles, France). Axons and NMJs were imaged using a fluorescence microscope (Nikon) and Metamorph Imaging software (Universal Imaging Corporation). For quantitative analysis, we classified NMJs into three groups based on degree of innervation of postsynaptic receptor plaques by nerve terminals [33] . Endplates were scored as "innervated" if there was overlap with the axon terminal, or "denervated" if the end-plate was not associated with an axon [33] . About 50 endplates were exhaustively analyzed. The number of endplates of each category was presented as a percentage of the total number of counted NMJs.
Statistical Analysis
Prizm software (Graphpad software Inc., La Jolla, CA) was used for all statistical analyses. All counting data from immunohistochemical analysis and survival periods of the animals were expressed as means ± SEM and analyzed by two-tailed t-test. Statistical analysis of disease onset and survival was performed using the Kaplan-Meier method with log rank test. Differences in BBB score were calculated using two-way ANOVA with Bonferonni post hoc test. Differences were considered significant when P<0.05.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A denervated or an innervated endplate is designated by an arrow head or a white arrow, respectively. Some hMSC GFP were survived in the area with protected endplates (b). (d) Agrin expression, which requires for the localization AChR clusters at the endplate, showed the similar result as neuromuscular junction innervation. An agrinpositive endplate is designated by a white arrow. (e, f) Detailed endplate counts showed that the number of denervated endplates (e) was significantly reduced in the hindlimb muscles of animals with intramuscular hMSC GFP -GDNF transplants. In contrast, the number of innervated endplates was significantly increased in hMSC GFP -GDNF rats (f). Scale bars: 10 μm in a, c, d; 50 μm in b. *P<0.05. The number of lumbar motor neurons (L2-4) was higher in hMSC GFP -GDNF transplanted animals (b, d, f) compared to lesioned control rats (a, c, e). Cell counts showed that there was a significant increase in total ChAT positive cells in hMSC and hMSC GFP -GDNF transplanted animals compared to the control (g). While the number of large motor neurons (≥700 μm 2 ) was not different between control and hMSC GFP , hMSC GFP -GDNF transplantation significantly increased large motor neurons (h). Scale bars: 500 μm in a, b; 50 μm in c-f. *P<0.05, **P<0.01. We recently reported that there are two different colonies in hSOD1 G93A rats -fast and slow disease progression [36] . (a, b) In the colony showing fast disease progression, survival was significantly prolonged by ∼18 days in hMSC GFP -GDNF treated ALS rats compared with nontreated control ALS littermates. (c) hMSC GFP transplantation did not alter onset of disease in the colony showing late disease progression. However, hMSC GFP -GDNF transplantation significantly prolonged survival by 28 days in the hSOD1 G93A rats with slow disease progression compared with lesioned control (P<0.05; d, e). Although hMSC GFP transplantation showed a delay compared to the control, the difference did not reach statistical significance
